Abstract: In this paper, a distributed algorithm for dynamic frequency reuse scheme in OFDMA downlink cellular networks is proposed. Each cell is divided into two regions, namely, inner and outer regions. The proposed distributed algorithm is based on minimizing the total interference at all users in each region. Unlike other fractional frequency reuse (FFR) schemes, the main advantage of the proposed algorithm is that it adapts to the network channel conditions. Simulation results show that the proposed algorithm provides better performance than that of FFR, in terms of both total system throughput and average user bit-rate. Keywords: Inter-cell interference coordination; frequency reuse Classification: Wireless communication technologies 
Introduction
Orthogonal frequency division multiple access (OFDMA) has been widely utilized for cellular network systems such as LTE-Advanced, where orthogonal resource blocks (RBs) in each cell are utilized by users within the cell. However, because of scarcity of available spectrum and to achieve high spectral efficiency, RBs have to be reused by neighboring cells; this causes inter-cellinterference (ICI) which impacts users' data rates. Therefore, ICI coordination (ICIC) in cellular networks is crucial.
FFR is one of the most effective schemes for ICIC, where the cell is divided into two regions, namely, the inner-region where frequency reuse one is utilized, i.e., all inner-regions of all cells use the same frequency resources, and the outer-region where higher frequency reuse is adopted, i.e., outer-regions of neighboring cells cannot use same frequency resources [1] . The results in [1] show that the optimal radius of the inner-region is about 0.63 of the cell radius. The authors in [2] evaluated the two major forms of FFR schemes, namely, strict-FFR, where users in inner-region do not share any RBs with outer-region users; and Soft-frequency-reuse (SFR), where inner-region and outer-region users can share RBs. They concluded that strict-FFR exhibits better performance than SFR in terms of overall network throughput and cell outer-region users signal-to-interference-plus-noise power ratio (SINR). In [3] , an attempt to determine optimal FFR is proposed where the objective is to minimize the total power subject to minimum rate constraints. Both [1] and [3] declare that the optimal frequency reuse factor for outer-region is three (FFR-3). However, FFR is a static scheme which does not consider the varying nature of both wireless channel and traffic load. Moreover, FFR exaggerates in caring about cell outer-region users' performance at the price of cell inner-region users' performance.
There are some dynamic FFR schemes proposed in literature, e.g., [4] and [5] . In [4] , the authors proposed a graph approach for dynamic FFR in OFDMA networks; however, their algorithm cannot outperform strict-FFR in equal cell-load scenario. The authors in [5] presented a dynamic distributed FFR scheme by employing Cellular Automata. While their proposed algorithm has better performance than SFR, it failed in providing significant improvement over strict-FFR.
The contribution of this paper lies in presenting a distributed algorithm for dynamic frequency reuse for the downlink of OFDMA cellular systems, exploiting the varying nature of the wireless channel; where every evolved NodeB (eNB) selects sub-bands that minimize the total interference for both cell inner-and outer-regions without restricting any sub-band to the innerregion. To the best of our knowledge, the above points have not been taken into consideration in either conventional or dynamic FFR schemes [1] [2] [3] [4] [5] . In this paper, we concentrate on the equal cell-load scenario, where other algorithms in literature failed to provide any significant throughput improvement compared to strict-FFR-3 [1] [2] [3] [4] [5] . The proposed algorithm provides better performance compared to strict-FFR-3 in terms of average user bit-rate and total system throughput even in equal cell-load scenarios.
The Proposed Dynamic Distributed Algorithm
We consider the downlink of an OFDMA cellular system. The proposed algorithm depends on minimizing total interference of all users in every region in the network. The idea is that reducing total interference in any region improves its users' data rates. Particularly, consider a cellular system that consists of L cells, where each cell is divided into inner-and outer-region as shown in Fig. 1 . Thus, total number of regions is M = 2L. Without loss of generality, we adopt LTE definition of resource block (RB) consisting of 12 sub-carriers. Moreover, we assume that available resources are divided into four sub-bands, SB ∈ {1, 2, 3, 4}, i.e, every sub-band consists of a number of RBs. All users in region i share the RBs of SB i . In contrast to classical FFR, the proposed algorithm does not restrict any of the sub-bands to the innerregions. Our target is to dynamically assign a sub-band to each region in the network such that total interference in each region is minimized. In this context, we define co-channel interference factor, ρ ij , between region i and region j as an indicator whether there is mutual interference among regions i and j,
where SB i and SB j are sub-bands assigned to regions i and j, respectively. Suppose that the total transmit power of every eNB is P t. We assume that every eNB fully utilizes the available power to achieve the maximum possible cell data rate. Moreover, for the shake of fairness, we assume that every user uses only one RB at a time and the eNB distributes its power equally on all users in the corresponding cell. We assume that all cells are equally loaded by the same number of users. If number of users per cell is N u , the power transmitted for every user in this cell equals P t Nu . Thus, the power transmitted by the serving eNB of a cell to a user in region j, either inner or outer, that belongs to this cell is P t j = P t Nu . Total interference I ij received by all users of region i from eNB serving region j is given by
where K i is number of users in region i and P r jk , is the power received by kth user in region i from eNB that serves region j.
In the proposed algorithm, every eNB autonomously tries to select subbands for its inner and outer regions by solving the following model so as to minimize each region interference:
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Equation (3.1) minimizes the total interference encountered by users of region i from all neighboring regions j = i. Equation (3.2) defines the interference received by users of region i from the eNB that serves region j; where the cochannel interference factor, ρ ij , is given by equation (3.3). We assume that interference signals from different eNBs can be distinguished based on their cell-identifications. For every region i, every user k should, periodically or upon request, report P r jk received from eNBs serving all neighboring regions j = i to the corresponding eNB; which should implement the aforementioned dynamic sub-band selection algorithm to select the sub-band that minimizes the interference seen by users in this region i from neighboring regions.
Numerical Results
We provide simulation to compare the proposed algorithm with FFR-3. Consider LTE system of bandwidth 10M Hz, that consists of 50 RBs and each RB has 180KHz bandwidth. We assume Urban Macro non-line-of-sight (NLOS) path loss model with 20m street width, 20m average building height, 25m eNB height, 1.5m user terminal height and 2GHz frequency [6] . Using aforementioned parameters, the NLOS path loss model [6] can be expressed as P L(d) = 19.57 + 39.09log(d) + χ; where χ is log-normal shadow fading with 6dB standard deviation. Thus, in our simulation, P r jk is calculated as P r jk =
, where P L(d jk ) is the path loss, that includes shadow fading, from eNB of region j to kth user in region i and d jk is the distance from eNB of region j to kth user in region i. The noise power spectral density is −174dBm/Hz. We consider 19-cell-model shown in Fig. 1 , where every eNB has omni-directional antenna. Users are uniformly distributed within each cell. The radius of the inner-region assumes its optimal value which is 0.63 of the cell radius [1] . In both proposed and FFR-3 schemes, we allow users in inner-and outer-regions of the same cell to borrow free RBs from each other. The impact of number of users in each cell, N u , eNB total transmit power, P t, and cell radius, R cell , on both the proposed and FFR-3 schemes are investigated. Total throughput and the average user bit-rate for both the proposed and FFR-3 schemes are evaluated over 1000 iterations using cumulative density function (CDF) curves. The proposed algorithm converges within two seconds for all regions of a network consisting of 19 cells when simulated with a 1.7GHz processor. Figure 2 shows the impact of N u on both the proposed and FFR-3 schemes. Specifically, Fig. 2a illustrates CDF curves of the total system throughput for both the proposed and FFR-3 schemes at various number of users per cell. Increasing N u leads to an increase in the total system throughput for both schemes. At certain value of N u , the total system throughput of the proposed distributed algorithm is better than that of FFR-3. Furthermore, Fig. 2b shows CDF of the average user bit-rate for both schemes at various values of N u; where, by increasing number of users, the average user bit-rate is reduced in both schemes. At certain N u , the proposed algorithm outperforms FFR-3 scheme in terms of average user bit-rate. Moreover, the average user bit-rate for proposed algorithm with N u = 24 is better than that of FFR-3 with N u = 15; i.e, even with an increase in number of users by about 60%, the proposed algorithm can still provide better average user bit-rate compared to FFR-3. Figure 3 depicts the effect of both eNB total transmit power, P t, and the cell radius, R cell , on both the proposed and FFR-3 schemes. Fig. 3a shows the effect of P t; where the total system throughput improves with increasing P t for both schemes. At a certain value of P t, the proposed algorithm achieves better total system throughput compared to FFR-3. Moreover, the total system throughput of the proposed algorithm is comparable to that of FFR-3 that have twice power consumption, e.g., CDF curve of the proposed algorithm at P t = 40dBm is close to that of FFR-3 at P t = 43dBm. The effect of R cell is depicted in Fig. 3b ; where the total system throughput always increases with reducing R cell . At the same R cell , the proposed algorithm provides higher total system throughput compared to FFR-3.
Conclusion
A distributed dynamic frequency reuse algorithm based on minimizing the total interference encountered by all users in each region has been proposed for the downlink of OFDMA cellular systems. Simulation results indicate the effectiveness of the proposed algorithm compared with FFR-3.
